The first 2000 incidents reported to the Australian Incident Monitoring Study were analysed with respect to the role of the capnograph. One hundred and fifty-seven (8%) were first detected by a capnograph and there were a further 18 (1%) in which capnography was contributory.
There has been a long-standing awareness of the clinical value of capnography, but until recently cost has limited its use. The capnograph can confirm, on a breath-by-breath basis, that "rebreathing" is not occurring, that the endotracheal tube is not in the oesophagus, that ventilation is adequate and that the venous return (cardiac output) is reasonable. The experienced user can also elicit much subtle information by close inspection and interpretation of the waveform. I·.
The Australian and New Zealand College of Anaesthetists has recommended that a "carbon dioxide monitor should be exclusively available for every intubated and/or ventilated patient". 5 Similar recommendations have been made in some other countries, 6 and in the "International standards for a safe practice of anaesthesia" capnography is "highly recommended". 7 Because of these widespread recommendations for the use of capnography it was decided to study the first 2000 incidents reported to the Australian Incident Monitoring Study (AIMS) to obtain an objective indication of the applications and limitations of capnography in clinical anaesthetic practice.
METHODS

Actual Incident Detection
Information of relevance to capnography was extracted from the first 2000 incidents reported to AIMS. AIMS involves the voluntary, anonymous reporting of any unintended incident which did, or could have reduced the safety margin for the patient. Details of the AIMS methods are provided elsewhere in this issue. 8 All incident reports were studied:
• with the key word "capnograph", "end-tidal C02" or "soda-lime"; • in which the capnograph was reported to have been the first monitor to detect the incident; • in which a capnograph was deemed to have failed when it would otherwise have been expected to be useful. Also, all information of relevance to capnography was extracted from the paper in this symposium in which the role of monitors in patients undergoing general anaesthesia was examined. 9 Theoretical Incident Detection A theoretical assessment was also made, using criteria arrived at by consensus, of the potential value of capnography in detecting all relevant incidents had capnography been used on its own, and had the incident been allowed to evolve. 9 For this assessment it was assumed that "full" capnography would be used on intubated patients undergoing general anaesthesia, and that capnography would be used and would be able to detect apnoea during spontaneous ventilation by placing the sampling line in the facemask. "Full" capnography was defined to include a real-time analogue or digital display of the carbon dioxide (C02) waveform during the respiratory cycle, and alarms which sounded after 30 seconds for apnoea, rebreathing (C02 > 8 mmHg), hypocarbia (C02 < 20 mmHg), and for hypercarbia (C02> 60 mmHg). For the theoretical assessment, it was assumed that capnography would be used in either the "full" or in the "apnoea detection only" mode from the commencement of general anaesthesia until the time the patient was discharged from the recovery ward. 9 
RESULTS
The information of relevance to capnography from the paper in this symposium on the role of monitors in the 1256 incidents which occurred in association with patients undergoing general anaesthesia (GA incidents) is summarised in Figure 1 .
Actual Incident Detection
Of the 1256 GA incidents 604 were "human detected" and 652 "monitor detected"; the capnograph was ranked second after the pulse oximeter and first detected 153 (24070) of these monitor detected GA incidents (see Figure 2 , p. 536).9 There were an additional four incidents amongst the remaining 744 incidents (of the total 2000) in which the capnograph was recorded as having been the first to detect the incident (Table 1) . Thus overall, the capnograph was the first to detect an incident in 157 of the first 2000 incidents reported to AIMS; in a further 18 incidents the capnograph was reported to have played a useful role. Capnography was considered to have failed or caused problems in 20 cases; these are summarised in Table 2 . 
Theoretical Incident Detection
In a theoretical analysis of these 1256 GA incidents it was considered that the capnograph, used on its own, would have detected 55% of these incidents, had they been allowed to evolve (43% before any potential for organ damage) (see Figure 3 , p. 537).9
DISCUSSION
Actual Incident Detection
The capnograph first detected 24% of the 652 monitor-detected GA incidents (the largest percentage by any monitor after pulse oximetry, which detected 27%) (see Figure 2 , p. 536).9 However, the capnograph was actually in use in only 54% of the 1256 GA incidents. It may be calculated that had a capnograph always been used, it would have first detected a further 5% of these GA incidents (i.e., nearly 30% overall). However, this does present capnography in an optimistic light as it is assumed, in arriving at these figures, that the capnograph would always be used correctly and would be functioning properly.
Unidirectional circle valves: Malfunction of a circle
circuit unidirectional valve was the most common cause of hypercarbia, and ranked as the seventh most common of the GA incidents (see Table 4 . p. 538).9 A capnograph first detected over 90% (52) of the 57 such cases in which a capnograph was in use ( Figure 1 ). Four of the remaining five were first detected by a spirometer and one was detected clinically. The most common fault was a sticking expiratory valve; other faults were Anae'thesia and Intensive Care, Vol. 21, No. 5, October, 1993
Figure 1
The role of the capnograph in patients undergoing general anaesthesia a , ranked by the number of times a capnograph first detected an incident. sticking inspiratory valves, missing, deformed or upside-down valves, mal positioned or deformed valve cages and unsecured domes. It can only be assumed that many anaesthetics using a circle circuit prior to the advent of capnography were associated with undiagnosed (and perhaps protracted) hypercarbia due to faulty circle valves. The design of current circle valves is poor, and it is probable that the recommended preanaesthetic machine check, 10 including the "two bag" test, does not detect all pre-existing valve faults. Condensation of water vapour on the expiratory valve dome may conceal a fault and also promote sticking once the case is underway; sticking may also occur more easily with low fresh gas flow techniques. capnograph 27, the pulse oximeter 15, a ventilator alarm 11, and an oxygen analyser, pressure gauge, spirometer, ECG and invasive blood pressure monitor, one each. Of the 15 pulse oximeter detected cases, a capnograph was not in use in 10, and its alarms were disabled or failed in the remaining five.
Six of the "total failure to ventilate" capnograph detected incidents involved a ventilator with the facility to be put on "standby mode" for radiography or posture changes; in all six the anaesthetist forgot to switch the ventilator back on until alerted by the capnograph.
Of note was the early warning of ventilation failure provided by this monitor, well inside the time for potential organ damage; the lowest saturation recorded was 97070. This includes one incident in which ventilator, disconnect and capnograph alarms had been purposely inactivated. The anaesthetist was alerted (and startled!) by seeing the flat waveform on the capnograph screen, following a six-minute period of apnoea (verified from the trend display). Saturation had fallen from 98070 to only 97070, and the end-tidal C02 had risen from 32 to 47 mmHg; FI02 was 0.3.
Complete failure to ventilate:
This was the most common GA incident ( Table 4 , p. 538)9 and was the second most common incident first detected by capnography ( Figure 1 ). It is salutary to note that accidental disconnection of the breathing circuit during general anaesthesia was the commonest "critical incident" 15 years ago. 11 In 155 incidents of a complete failure to ventilate, 94 (61070) were first detected by monitors. The low pressure alarm first detected 36, the Anaesthesia and Intensive Care, Vol. 21, No. 5, October, 1993 Thus desaturation may be a very "late-in-time" indication of ventilation failure.
Partial failure to ventilate and circuit leaks: Capnography was the most successful monitor for the first detection of this group (16 (25070) of 65 capnograph-monitored incidents). Other "firstdetection" monitors among the remaining 26 monitor detected circuit leaks were the pulse oximeter (nine detections), disconnect alarm (9 detections), spirometer (four detections), oxygen analyser (two detections), ECG and automatic non-invasive blood pressure (one detection each). However, monitors successfully detected only 40% of the partial failure to ventilate/ leak problems.
Soda lime/absorber problems: The capnograph first detected C02 absorption problems in all 14 such capnograph-monitored incidents. In five incidents there was soda lime exhaustion, in five the absorber was switched off, and in four there was faulty assembly of the canisters. In six of these incidents it is clearly recorded that a preoperative machine check was performed. The only other monitor to detect this problem (once) was the ECG in a situation in which a capnograph was not in use.
Air embolus: Eight (62%) of the 13 capnographmonitored such incidents were first detected by capnography. The next most successful monitors were the ECG (three cases), the pulse oximeter and an arterial line (two cases each). In four of the capnograph detected incidents the decline in end-tidal C02 was described as "sudden"; also of interest was the recorded simultaneous decline in end-tidal C02, saturation and arterial blood pressure in four reports. Air embolism is the subject of a separate paper in this symposium. "
Oesophageal Intubation: There were 27 oesophageal intubations amongst the GA incidents. Capnography first detected the problem on eight (50%) of the 16 occasions when it was being used. Of the eight oesophageal intubations in which the capnograph was reported as being in use but did not warn the anaesthetist first, in five the instrument confirmed a clinical suspicion of oesophageal placement, in one the instrument was in calibration mode following accidental disconnection, in one the capnograph circuit connector was being washed, and in one the capnograph was not connected. Thus the capnograph always detected oesophageal intubation when it was properly used; on the three unsuccessful occasions the instrument was not at fault.
The lowest saturations recorded were 70% and 75%; in the former case the capnograph was "in calibration mode" for five minutes following the intubation, and recorded a "flat line" as soon as calibration was complete; in the latter there was a protracted period of apnoea prior to the oesophageal intubation. In all other cases saturations remained over 90%.
The pulse oximeter detected eight (30070) of the 27 cases of oesophageal intubation; in each of these the capnograph was not being used, or was being used incorrectly. The role of the oximeter as a "backup" monitor in unrecognised oesophageal intubation is emphasised elsewhere in this issue. 13 No other monitor in this series was successful in detecting oesophageal intubation. It is highly recommended that a checked, calibrated capnograph be used as soon as any endotracheal tube has been placed, and that an oximeter should be in use as a "back-up" monitor. This subject is dealt with elsewhere in this symposium. 14 Obstructed tracheal tube and endobronchial intubation: The capnograph provided early warning of accidental extubation on five occasions and first detected endotracheal tube obstruction on seven of the 26 occasions on which it was in use. The capnograph is a poor monitor for the detection of endobronchial intubation (2 (4%) of 54 incidents in which it was in use); the pulse oximeter is the front-line monitor for this problem. Problems with endotracheal tubes and difficult intubation are dealt with elsewhere in this symposium. 15, 16 Disconnections or leaks at or before the common gas outlet: Disconnections or leaks at or before the common gas outlet (CGO) or between the CGO and the circle are particularly difficult to locate and detect; in five (24%) of 17 capnograph-monitored incidents involving this problem the anaesthetist was first warned by the capnograph. Although the low pressure alarm and the pulse oximeter were both marginally more successful monitors for the first detection of this situation, only 36% of CGO/fresh gas line problems were first monitor detected-and this characteristically was followed by a protracted period while the anaesthetist searched for the problem (even on occasion to the point of changing anaesthesia machines). Disconnections and leaks may also occur along the path of the gas sampling line to the capnograph; three capnograph detected such leaks were reported as missed during unhurried (but inadequate) pre-anaesthetic equipment checks.
Circuit faults: Hypercarbia from circuit misconnection (1 Hain, 1 Mera) was first detected by the capnograph in two incidents. None of the six other such incidents was monitor detected.
Changes in carbon dioxide flux: Two of four cases of malignant hyperthermia and two sudden cases of hypotension were first detected by capnography. Gas embolism is considered above.
Others: The capnograph also first detected laryngo- spasm and overpressure of the breathing system (two cases each) and one case each of obstruction before the common gas outlet, bronchospasm, leak of ventilator-driving-gas into the circuit, aspiration/ regurgitation and hypoventilation.
Theoretical Incident Detection
In the theoretical analysis of the 1256 GA incidents it was concluded that capnography, had it been used on its own, would have detected 55070 of these incidents (nearly 43070 before any potential for organ damage) (see Figure 3 , p. 537).9
With respect to patient condition, the capnograph was considered to alert the anaesthetist before any potential for organ damage for incidents involving total failure to ventilate, circuit leaks, hypercarbia, intubation/extubation problems, upper airway obstruction, air embolism and malignant hyperthermia. The capnograph was considered to alert the anaesthetist late (i.e. when a physiological parameter had changed to an extent or in a context in which there was potential for organ damage) for vapour overdose, hyper-and hypoventilation, circuit overpressure, severe hypotension, circulatory arrest, bronchospasm, anaphylaxis and tension pneumothorax. In these cases it was considered that as either the sign may occur very late (e.g. hypercarbia with a tension pneumothorax), or as the pathophysiological process was already underway, a potential for organ damage could not be excluded (see Table 2 , p. 533).9
With respect to the appropriateness of the monitoring "conventions" applied to each of the clinical situations for the theoretical analysis of the role of the capnograph in the GA incidents, 9 it would seem that the decisions made were reasonable. The capnograph first detected 143 (93070) of the 153 incidents associated with general anaesthesia in which it was expected to do so (see Table 5 , p. 540)" The capnograph first detected a problem when it had been defined to do so only after another monitor in only 5 of the 157 incidents. In two it detected breathing system overpressure prior to the high pressure alarm, and in three it warned of a fault in the fresh gas supply line before the pulse oximeter. On five occasions a capnograph first detected an incident when it was not defined to do so at all for the theoretical analysis.
Limitations of capnography
A capnograph was reported to fail on 20 occasions (Table 3) . Seven failures were due to gas sampling problems. Four of these were due to a hole or obstruction in the C02 gas sampling line, two to a misassembled water trap on the capnograph, and one to excessive resistance in an extended line. In two "holein-the-line" reports the resultant "flat line" tracing resulted in the patients being repeatedly intubated by the anaesthetists, who interpreted the situations as oesophageal in-tubations! On six occasions the complaint was that the capnograph apnoea alarm did not sound in the face of complete apnoea. This was explicable on the basis of machine fault, the alarms being turned off, or the alarm tone being too low. On two occasions the complaint was that the capnograph failed to detect leaks. One of these leaks was a fresh gas line disconnection from the absorber inlet, and the other was a disconnection at the vaporiser outlet; both led to serious desaturation (with abandonment of the anaesthetic machine in the latter case); neither would necessarily be expected to be detected by a capnograph. In another two incidents the capnograph failed to warn of malfunctioning unidirectional circuit valves; the complaint in one was that no rebreathing was registered and in the other (stuck inspiratory valve) that the rebreathing alarm did not sound. Of the remaining three incidents, in one the single alarm of a multiple function monitor "went off" to warn simultaneously of tachycardia and hypocarbia from air embolism, and the anaesthetist did not notice the hypocarbia; in one an uncalibrated capnograph showed a respiratory rate of zero after switching a ventilator to "on" from "standby", (corrected by calibration); and in one air embolism occurred during the calibration mode of a capnograph, immediately following accidental loss of mains power to all monitors! Over two-thirds of these problems would not have occurred with appropriate calibration and checking of the capnograph before use.
CONCLUSIONS
The capnograph is the only monitor, when used correctly, that will reliably detect oesophageal intubation within a few breaths, and is also a "frontline" monitor for failure to ventilate, the detection of anaesthetic circuit faults (faulty unidirectional circle valves, impaired circle absorber function, circuit misassembly), gas embolism, sudden circulatory collapse and malignant hyperthermia. The capnograph also plays a valuable role as a "back-up" monitor for some life-threatening situations (e.g. overpressure of the breathing circuit, bronchospasm). A hallmark of capnographic monitoring is the early warning it provides in many life-threatening situations. When correctly used, it will detect 43070 of all applicable incidents prior to any risk of organ damage. However, it is important to note that capnography will not reliably detect endobronchial intubation or circuit leaks with low fresh gas flows.
Amll'Slhcsia and IlIu!lIsive Care, 1/0/.21, No. 5, October, 1993 Thorough pre-checking and careful calibration of the capnograph is mandatory. The checking must include the competence of the gas sampling line, connections into the breathing circuit, and alarm calibration; it is estimated that over two-thirds of the reported capnography "failures" in this series were due to instrument misuse. Such "rule-based" errors 17 may be simply addressed by an insistence on adherence to proper procedure, with appropriate documentation on the anesthetic form that the checks and calibration have been performed.
Although there will continue to be debate it is our view that the recommendations of the Australian and New Zealand College of Anaesthetists and of the "International Standards for a Safe Practice of Anaesthesia" have been thoroughly vindicated by the pattern revealed in this study. It is highly recommended that a capnograph be used on all intubated and/or ventilated patients from the moment of intubation until extubation; capnography is also useful in the' 'apnoea" detection mode for patients breathing spontaneously on a mask.
